We present simulations of field emission from bundles of metallic ͑5,5͒ carbon nanotubes, which are either ideally open or closed. The scattering calculations are achieved using a transfer-matrix methodology for consideration of three-dimensional aspects of both the emitting structure and the surface barrier. Band-structure effects are reproduced by using pseudopotentials and enforcing the incident states to first travel through a periodic repetition of the tubes' basic cell before entering the region containing the fields. The bundles consist of three and six identical structures, which are placed at the corners of equilateral triangles. In all cases, the closed emitters are found to emit less current than the open ones and to be more sensitive to the electric field in their response to neighboring tubes. Due to the enhanced screening of the electric field, the bundles' emission rates are reduced compared to those of the isolated tubes. It turns out that the rates characterizing bundle and isolated emitters are related by a simple formula, whose dependence on the electric field suggests deviations from the Fowler-Nordheim equation at high fields. Finally, the position of peaks associated with quasilocalized states on top of the closed emitters appears to be a strong indicator of the tubes' environment.
I. INTRODUCTION
Carbon nanotubes show interesting field-emission properties such as low extraction field ͑macroscopic values of the order of a few volts per micron͒ and high current densities. In general, their current-voltage characteristics are found to follow a Fowler-Nordheim-type tunneling law [1] [2] [3] [4] with an emitter work function around 5 eV depending on the type of nanotube. Electronic states localized near or at the apex of the nanotube influence the current emission profile. 5, 6 These localized states are relatively well documented for various kinds of tube termination [7] [8] [9] [10] and can be induced by the extraction field. 11 It is assumed in most calculations that the dangling bonds are not saturated, although it is recognized that in ambient conditions hydrogen may saturate them. 12 In field emission devices, carbon nanotubes are not isolated but entangled with many others or grown in arrays. Their emission properties are modified because of the strong dependence of the local extraction field on the tubes' environment. 13, 14 It was established by Nilsson et al. 13 that the optimal spacing between aligned nanotubes is approximately twice their length. In an extension of previous publications, [15] [16] [17] [18] [19] [20] [21] we consider here the conditions of close proximity that characterize bundles of nanotubes. It was already shown by Lovall et al. 22 that the bundles' emission is dominated by the protruding tube. We will consider the complementary situation where the nanotubes have all the same length and compare the emission properties of these ideal bundles with those of their isolated components.
To achieve this objective, we solve the Schrödinger equation 23, 24 with a three-dimensional potential representative of both the emitters' structure and the surface barrier. The potential energy is calculated using the techniques of Ref. 25 with improvements described in this paper as well as the Bachelet et al. 26 pseudopotential for the representation of carbon atoms. Band-structure effects are included in the energy distributions by enforcing the incident states to first travel through the periodic repetition of the emitters' basic cell before entering the region containing the fields. The main features of our model are described in Sec. II. Section III then presents results of field emission from metallic ͑5,5͒ nanotubes, which are either isolated or in bundles, ideally open or closed. The bundles are described by three or six identical structures placed with a spacing of 0.32 nm at the corners of equilateral triangles. In all cases, the closed emitters are found to emit less current than the open ones and to be more sensitive to the electric field in their response to neighboring tubes. Due to the enhanced screening of the electric field, the bundles' emission rates are reduced compared to those of the isolated tubes. As established in Sec. IV, these rates are related by a simple formula, whose dependence on the electric field suggests deviations from the Fowler-Nordheim equation at high fields. Finally, the position of peaks associated with quasilocalized states on top of the closed ͑5,5͒ nanotubes turns out to be a strong indicator of the tubes' environment.
II. THEORY
The geometry considered in this paper is depicted in Fig.  1 . The nanotubes are located between a metallic substrate ͑region I, zрϪNϫa) and the field-free vacuum ͑region III, zуD). The intermediate region consists of a field-free region (ϪaϫNрzр0), which contains N periodic repetitions of the nanotubes' basic cell, and region II (0рzрD), which contains the part of the nanotubes subject to the extraction field F. The purpose of the ϪaϫNрzр0 region is to reproduce appropriate band-structure effects in the distribution of incident states. This part of the model is not related to an experimental picture, where nonzero fields would remain up to the metallic substrate. For each simulation, we consider a distance DϭV/F, where V is the electric bias between regions I and III ͑we consider a fixed value of 12 V͒.
The potential energy in region II is calculated by using techniques described in previous publications. 15 For each carbon atom, we use the Bachelet et al. pseudopotential 26 to represent the ion-core potential while Gaussian distributions are used for the remaining electronic densities. These two contributions are displaced rigidly from both sides of the atomic position, according to the polarization p j of the atom for which they are representative. The atomic polarizations ͕p j ͖ are calculated 23 by taking account of the extraction field, direct dipole-dipole interactions, as well as indirect interactions with images. These image interactions indeed insure the cancellation of the electric field in the region zр0. In order for the model to be consistent, the zϭ0 plane has to describe a mirror symmetry of the basic cell used to construct the nanotubes ͓in the case of (n,n) structures, this plane has to contain ͑unpolarized͒ atoms͔. We neglect any influence that the anode may have on the nanotube ͑through additional image contributions to the potential energy͒, as these effects are negligible in experimental conditions. Following Ref. 27 , we use a polarizability tensor ␣ j /(4⑀ 0 ) whose main components are 3.0, 0.865, and 0.865 Å 3 . Finally, the exchange contribution to the potential energy is calculated within the local-density approximation. 25 The electronic scattering from the metallic substrate to the vacuum is calculated by the transfer-matrix technique described in Refs. 23 and 24. In this formulation, the electrons are confined inside a cylinder of radius R ͑chosen large enough so that the results are independent of its particular value͒. Making use of the cylindrical symmetry of the problem, the wave function is expanded in terms of basis states
2 )Ez͔) in region III. In these expressions, the A m, j are normalization coefficients, J m are Bessel functions, k m, j are transverse wave-vector solutions of J m (k m, j R)ϭ0, E is the electron energy, and V met is the potential energy in the supporting metal. The Ϯ signs refer to the propagation direction relative to the z axis, which is oriented from region I to region III. The transfer-matrix methodology 23 then provides scattering solutions of the form
corresponding to single incident states ⌿ m, j I,ϩ in the metallic substrate ͑the S Ϫϩ and S ϩϩ matrices are defined in Fig. 1͒ . Total current densities result from the contribution of every solution associated with a propagative incident state in the supporting metal. The procedure is not self-consistent, as we do not consider the corrections that these scattering solutions should induce on the potential energy.
III. APPLICATION: FIELD EMISSION FROM BUNDLES OF OPEN AND CLOSED "5,5… CARBON NANOTUBES
We investigated in previous publications 16 -20 the transport and field-emission properties of metallic ͑5,5͒ carbon nanotubes. Our model reproduces the constant density of states around the Fermi level as well as peaks associated with van Hove singularities in the distribution of incident states. 17 For the small tube lengths considered, we could observe oscillations in the energy distribution of both incident and fieldemitted states, which come from stationary waves in the structure. 16, 17, 28 Closing the nanotube introduces a quasilocalized state on top of the emitter, which has observable effects in the energy distribution of emitted electrons. 16 It also increases the screening of the electric field and reduces the emission. Saturating the dangling bonds of open tubes with hydrogen reduces the width and height of the potential barrier, which tends to increase the emission. 16 Using a pho- tonic stimulation, a further amplification of the current is achieved.
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In this paper, we investigate how the emission properties of ideally open and closed ͑5,5͒ carbon nanotubes are affected by the close proximity of identical structures, in the conditions characterizing bundles of nanotubes. The bundles we consider consist of three or six identical ͑5,5͒ structures placed with a spacing of 0.32 nm at the corners of equilateral triangles ͑see Fig. 2͒ . Each nanotube consists of Nϭ16 basics cells ͑320 atoms͒ in the region ϪNaрzр0 and 11 cells ͑220 atoms͒ in the region 0рzрD. The length of these two parts of the nanotube is 3.935 nm and 2.705 nm, respectively ͑the radius is 0.339 nm͒. Thirty additional atoms are used to close the structure. For the metallic substrate zрϪNa to reflect the properties of infinite nanotubes, it is given an internal potential energy and a Fermi level of Ϫ16 and Ϫ5.25 eV, respectively ͑compared to the vacuum level͒. The simulations assume local extraction fields of 1, 1.5, and 2 V/nm. These values have to be considered as already magnified by a micron-long body in order to account for the difference with macroscopic values ͑of the order of a few volts per micron͒. Finally, a temperature T of 298 K is assumed.
A. Field emission from isolated open and closed "5,5… nanotubes
The potential energy associated with isolated open and closed ͑5,5͒ nanotubes is illustrated in Fig. 3 . The representation corresponds to an applied electric field of 2 V/nm and the equipotentials are labeled by integer values in eV. The total-energy distribution characterizing the electrons emitted from these two structures, for applied electric fields of 1, 1.5, and 2 V/nm, are represented in Fig. 4 . The difference with previously published results 20 comes from the longer tube lengths, the lower fields, and the atoms being translated so that the zϭ0 plane here corresponds to a reflection symmetry of the tubes' basic cell.
The energy distributions characterizing the two emitters are similar, except for the sharp peak at Ϫ1.45 eV for the 2 V/nm field, which is associated with a quasilocalized state on top of the closed emitter ͑similar peaks are frequently encountered with capped structures 7, 8, 11 ͒. As will appear later, the position of this peak is highly sensitive to the tubes' environment, while the other features of the energy distributions present fewer variations when bundles are considered. Considering shorter tubes makes this peak move to higher energies, since one then reduces the field penetration in the structure ͑which is responsible for the peaks' displacement towards lower energies͒. In all cases, there is a significant contribution around the Fermi level and the two structures exhibit the same peaks around Ϫ0.85, Ϫ0.55, and Ϫ0.25 eV ͑for the 2 V/nm field͒. These peaks are related to stationary states in the cylindrical part of the open and closed nanotubes. They are closer than observed previously 20 because of the larger tube lengths, and less pronounced because of the electric fields being lower and filtering therefore the energy distributions more strongly.
The currents extracted for the three values of the electric field are 9.69ϫ10 Table I . On average, closing the ͑5,5͒ nanotube hence reduces its emission by a factor of 26. This reduced emission was predicted by other authors. 5, 11, 29 It is the result of several factors, including the potential barrier, the reduced emission area of the closed ͑5,5͒ nanotube, and the cap's influence on the direction and supply function of the incident states when encountering the surface barrier.
To enable a more quantitative discussion of the potential energy relevant to the open and closed nanotubes, we represented in Fig. 5 the values computed on the tubes' central axis (xϭyϭ0) as well as along their cylindrical body (x ϭ0.339 nm, yϭ0). These potential-energy values are calculated using the model of Sec. II for describing the action of the nanotubes' nuclei and valence electrons on the emitted electron when present on that particular axis ͑the emission current of course depends on the whole three-dimensional distribution͒. The representation does not include selfconsistent corrections associated with the emitted electron ͑i.e., contributions due to the electron densities͒. Unlike the second representation, that associated with xϭyϭ0 does not go through any atom of the two structures. The carbon atoms indeed lie on the nanotubes' cylindrical body or hemispherical cap, and the dip that appears at zϭ3.098 nm is due to the ion-core potential of atoms situated on the last pentagonal ring of the closed nanotube ͑the xϭyϭ0 axis goes through its middle͒. In this first representation, the separation between the internal and external regions of the nanotubes is at zϭ2.705 and 3.098 nm, respectively. We see that the potential is essentially constant inside the nanotube ͑reflecting the screening of the external field͒ and that it decreases outside. The transition in the potential at zϭ0 is related to the fact that a finite distance is required ͑on both sides of the nanotube͒ to cancel the external field on its central axis. The width of that transition is proportional to the tube's radius. In the second representation, the atomic potentials are more pronounced as carbon atoms are encountered here. The additional potential well that appears with the closed nanotube comes from atoms in the cap. The horizontal alignment of the ion-core potentials reflects the screening of the external field. Outside the nanotubes and beyond the range of the ion-core potentials ͑i.e., for zϾ3.25 nm), we see that the potential energy is higher for the closed nanotube than for the open one. This is a consequence of the higher length and screening capacity of the closed structure, which strains the equipotentials to surround the emitter more strongly than if it were open. As appears in Fig. 3 , the equipotentials are more compressed on top of the closed structure ͑reflecting the enhancement of the field͒, so that the distance over which the electrons have to tunnel before being emitted is smaller than for the open tube. As the emission from the closed nanotube is, however, reduced compared to the open one ͑while we expect a higher emission probability from the last atoms if the propagation direction is towards the minimal barrier width͒, our results suggest that a significant effect of the cap is to reduce the supply function of electrons encountering the apex ͑through internal reflections͒ or to lead the electronic flow to a direction unfavorable for emission. /␥, which enables one to derive the fieldenhancement factor ␥ ( is 5.25 eV and SϭR 2 only affects a). As explained in Refs. 20, 32, and 33, the numbers found using that procedure are only indicators of the dependence of the current on the applied electric field and should not be interpreted literally. The actual field-enhancement factor, as derived from a direct calculation of the electric field, is a quantity that depends strongly on the position. Choosing as a reference the point situated on the tubes' axis at a distance of 0.25 nm from the apex, we find a field-enhancement factor of 2.60 for the open tube and 3.80 for the closed one. These values as well as those calculated hereafter are reproduced in Table II .
B. Field emission from bundles of three open and closed "5,5… nanotubes
We now consider three identical ͑5,5͒ nanotubes, which are either open or closed and placed with a spacing of 0.32 nm at the corners of an equilateral triangle ͑see Fig. 2͒ . We represented in Fig. 6 a section of the potential energy, which crosses one of the nanotubes and avoids the two others. As expected, this close proximity between the emitters enhances the screening of the electric field. This is reflected by the fact that the facing equipotential is at 9 eV instead of 8 eV in the previous case.
The total-energy distribution of the field-emitted electrons is represented in Fig. 7 . Because of the reduced field penetration, the surface barrier is higher and wider. As a consequence, the energy distributions are thinner and the peaks associated with stationary states still less pronounced. They are, however, at the same position, which is consistent with the fact that they are associated with the body of the tubes where the electric field is canceled. The sharp peak associated with the quasilocalized state on top of the closed structures is displaced here to higher energies by 0.45 eV. This large displacement towards positive values is due to the reduction of field penetration, which causes the emitter apex to be at a higher potential ͑as reflected by the facing equipotential being at 9 eV instead of 8͒. It appears, therefore, that the position of peaks associated with quasilocalized states on top of closed emitters is a strong indicator of their environment ͑through the neighborhood's effect on the local field͒.
The currents extracted for the three values of the electric field are 7.55ϫ10 total emission is reduced by a factor of 12 ͑see Table I͒ . This means that each nanotube in the bundle emits 36 times less current than if it were isolated. The emission from a given ͑5,5͒ open tube is therefore more affected by the close proximity of other tubes than by the half C 60 used to close it ͑reduction of its emission by a factor of 36 rather than 26͒.
However, three open nanotubes, taken together, emit more current than a single closed tube ͑but less than a single open one͒. It can be noted that the dispersion around this average value of 12 is larger for the closed nanotubes than for the open ones. Indeed, the reduction factors associated with the three values of the extraction field are 20.8, 11.7, and 5.44, respectively, for the closed structures, while they are 13.2, 14.4, and 7.85 for the open ones. This dispersion is better illustrated in Fig. 10 . The fact that the dispersion is higher for the closed nanotubes is due to the fact that the electric field has a stronger influence on the apex of closed structures than on the upper border of the open ones ͑because of the apex's advanced position in the barrier͒. When increasing the electric field, the potential barrier at the apex therefore tends faster to the barrier characterizing isolated structures ͑result-ing in stronger variations in the reduction factors͒.
From the Fowler-Nordheim representation of our data and using the procedure described previously, one can derive field-enhancement factors ␥ of 1. ners of equilateral triangles with the same spacing of 0.32 nm. The threefold symmetry characterizing this particular configuration is consistent with the observations of Lovall et al., whose current distributions exhibit this same symmetry. 22 The xz plane chosen for the representation of the potential energy in Fig. 8 crosses two nanotubes and avoids the four others. By inspection of this figure, it turns out that the screening of the electric field is still more pronounced than for the two previous configurations since the facing equipotential is at 10 eV instead of 8 and 9 previously.
The total-energy distributions obtained for applied electric fields of 1, 1.5, and 2 V/nm are represented in Fig. 9 . The distributions are thinner and the features associated with stationary waves still less pronounced than previously. This is a consequence of the higher surface barrier, which operates a stronger filtering of the escaping states. The most visible change is the position of the peaks associated with the quasilocalized state, whose main contribution moves from Ϫ1 to Ϫ0.8 eV for the 2 V/nm field value. This displacement towards positive values is again related to the electrostatic interactions between the tubes, which enhance the screening of the electric field and therefore raise the potential at their apex. Because the peaks are now sufficiently close to the Fermi level where significant emission occurs, they also appear at lower field values and the relation between the peaks' position and the field appears more clearly ͑i.e., displacement to lower energies as the field increases͒.
The total currents extracted for the three values of the electric field are 1 , and 2.99ϫ10 Ϫ11 A for the closed ones. The total emission is reduced by a mean factor of 3.9 compared to the situation where only three identical structures were considered ͑see Table I͒ . On average, a given nanotube in a bundle of six therefore emits around eight times less current than the same tube in a bundle of three, and around 6ϫ3.9ϫ12 Ӎ280 times less current than an isolated tube. The Fowler-Nordheim analysis of these data provides field-enhancement factors ␥ of 1.49 and 1.45 for the open and closed structures, respectively. These values remain comparable with those characterizing a single emitter ͑see Table II͒ . From the direct calculation of the electric field 0.25 nm above the three internal nanotubes ͑i.e., those of the middle of Fig. 2͒ , we find 2.13 for the open tubes and 2.10 for the closed ones. When considering the three other tubes ͑i.e., those at the corners in the right part of Fig. 2͒ , we find 2.28 for the open tubes and 3.54 for the closed ones. The reduction of the field-enhancement factor due to electrostatic interactions between the tubes is therefore stronger than that suggested from the Fowler-Nordheim analysis, especially for the internal tubes. If more nanotubes were considered, we expect the internal part of the bundle and the corresponding field-enhancement factors to be more affected by those interactions.
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IV. DISCUSSION
We calculated the total current emitted by bundles of open and closed ͑5,5͒ nanotubes, using a scattering technique that takes into account the details of the tubes' atomic configuration and surface barrier. This latter was computed by considering the atomic polarizabilities and the electrostatic interactions between neighboring structures. The simulations were achieved for either one, three, or six nanotubes, either open or closed, and for three values of the extraction field. Despite the complexity of the field-emission process and the diversity of the systems considered, it turns out that all our data can be cast into the following simple formula:
where I tot is the total current emitted by a bundle of nb nanotubes and I isolated is the current emitted by an isolated tube. This is demonstrated in Fig. 10 , where we represented ln͓I tot /(I isolated nb)͔ as a function of ͱnbϪ1 for each type of nanotube and each value of the extraction field. Indeed, one can see that this representation of our data gives a perfect alignment for each series. The best linear fit of the average values is associated with the parameter aϭ2.5179. One can check that Eq. ͑2͒ used with this value of a reproduces the conclusions obtained in the previous section for the variations in current as the number of emitters increases. Equation ͑2͒ can be interpreted in the following way: the first two factors describe the fact that the total emission is proportional to the number of emitters while the exponential factor stands for the screening due to the nϪ1 neighbors of each tube. The square root of nϪ1 has to be taken, since the efficiency of the screening depends on the number of tubes in each direction (n being the number of tubes on a surface͒. Since the field-enhancement factor is larger at the border of the bundles, the electronic emission from the outer tubes is more important than that from the inner ones. We may, however, consider I isolated nb as an average value and exp͓ϪaͱnbϪ1͔ as a first-order correction. In the case of nb isolated nanotubes, Eq. ͑2͒ is exact provided aϭ0 ͑no screening͒. For bundles with more than six nanotubes, additional corrections may be necessary and in particular one may have to consider the inner and outer tubes separately ͑we expect actually the emission from the inner part to be- come negligible compared to that of the outer one͒. In its present form, however, Eq. ͑2͒ fits our data perfectly.
The results in Fig. 10 indicate that the slope a decreases proportionally to the applied electric field F, the data points associated with high fields being above those associated with lower ones. This tendency can be explained by the fact that at high fields the surface barrier is thinner and therefore less affected by the neighboring tubes than at low fields. The best fit we could find for the dependence is aϭa 0 ϩa 1 F, where F is in V/nm and the two parameters a 0 and a 1 are 3.8 and Ϫ0.43 for the open tubes and 3.2 and Ϫ0.90 for the closed ones ͑note that the range of validity of this law is limited, since a must remain positive͒. The values of a 1 thus confirm that the dispersion around the average currents is higher for closed tubes than for open ones.
Assuming that the Fowler-Nordheim theory accurately describes the emission of a single tube, I isolated then depends on F 2 exp͓Ϫb/F͔. The presence of additional tubes introduces a new factor in the expression of the total current, which has the form exp͓Ϫa 1 ͱnbϪ1F͔. Since this new dependence on Besides total currents, the technique also provides the detailed energy distribution of the emitted electrons. Their main contribution is around the Fermi level and decreases as additional emitters are considered. The distributions also tend to be thinner and peaks associated with stationary waves in the body of the emitter less pronounced. These effects are due to the surface barrier, which becomes higher as the number of emitters increases. The most interesting result comes from the peaks associated with quasilocalized states. Their position indeed reflects the bundles' configuration, as we observed shifts of 0.45 and 0.65 eV relative to their initial position when increasing the number of tubes from one to three or six. These displacements seem proportional to the square root of nb and suggest that they may be used as indicator of the tubes' environment ͑reflecting the number of tubes or their spacing͒, provided an appropriate calibration is achieved.
V. CONCLUSION
We presented simulations of field emission from bundles of open and closed ͑5,5͒ nanotubes, using a transfer-matrix methodology for consideration of three-dimensional aspects of the structures and potential energy. In all cases, the closed nanotubes are found to emit less current than the open ones and to be more sensitive to the extraction field in their response to neighboring structures. Our results indicate that the bundles' total emission can be related to that of the isolated tubes by a simple empirical relation. The formula, which incorporates the number of tubes and the extraction field, suggests a deviation from the Fowler-Nordheim theory at high fields. In addition to the total current, the method provides the energy distribution of the emitted electrons. In situations where quasilocalized states are manifested by peaks in these distributions, it turns out that their position can be used as an indicator of the tubes' environment.
